Industrial symbiosis is a way to realize circular economy in which waste streams from industrial production and related activities are collected, reused or recycled into resources. The concept is increasingly incorporated into new company design and industrial park development. There also exist waste management companies who collect and process certain waste streams for economic gains. However, industrialized cities typically experience difficulty to increase their total recycling rate due to the lack of complete and detailed data on the types, quantity, and location of waste streams generated, and hence the economically-viable collection and processing of many waste streams. This paper explores and discusses the feasibility and methods for a big data approach to obtain necessary data for discovery of potential industrial symbioses within the perimeter of a large industrialized city. The aim is to realize the objective of embedding industrial symbioses as an essential part of sustainable urban living and management. .
Introduction
Industry symbiosis is defined by Waste and Resources Action Programme (WRAP) [1] , UK, as "an association between two or more industrial facilities or companies in which the wastes or byproducts of one become the raw materials for another." A broader definition was made by the US's President Council on Sustainable Development (USPCSD) [2] as "a community of businesses that cooperate with each other and with the local community to efficiently share resources (information, materials, water, energy, infrastructure and natural habitat), leading to economic gains, gains in environmental quality, and equitable enhancement of human resources for the business and local community". Of the definitions, the essence is to utilize waste streams as resources through the cooperation of two or more business entities.
There are various drivers for pursuing industrial symbiosis. The foremost business motivation is to create new value streams from waste and by-products as well as to reduce cost by utilizing waste/by-products, followed by meeting regulatory and corporate targets on waste reduction and environmental performance. The naturally evolved industrial symbioses, such as well published Kalundborg case [3] , were driven by mutual economic benefits, and the development process can be over a few decades. The economic success coupled with increasing push for sustainable development has inspired the application of industrial symbiosis principles for resource efficiency and conservation in new industrial park (eco-industrial park) design [4, 5] . However, the study by Gibbs et al [6] on 35 eco-industrial development projects in USA and Europe has found that "initiatives based upon the interchange of wastes and cascading of energy are few in number and perhaps difficult to organize." and the idea of making eco-industrial parks operational is at an early stage of development.
One major limitations of the eco-industrial park approach is the scale and diversity that can be planned in a particular industry park, and hence available types and amount of waste/by-product streams from one industry as valuable input to another. Desrochers [7] observed that geographical concentration of industries can be divided into two types: the same industry in one location (localization economies) and various industries in one location (urbanization economies), and industrial symbiosis is a type of urbanization economy.
As the world is becoming more urbanized [8] and cities are expanding bigger in size [9] , both business varieties and scale will increase. This should result in larger waste/by-product streams and the possible use of them as resources within a city. Upon such an understanding, Song et al proposed a big data analytics approach to develop industrial symbioses in large cities, leveraging on the widely available data from web portals and company websites [10] .
There exist various industrial symbioses in industrialized regions, both in some forms of operation or not yet existing, that need to be discovered and fostered [11] . The first step to discover and plan industrial symbiosis is to understand and visualize the material flows: close-loop materials flows represent some form of industrial symbiosis, and open-loop workflows represent opportunities to form close-loop workflows [12, 13] .
In this paper, an approach and related techniques are proposed for discovering the waste streams in a geographical region (e.g. a city) with large scale industry establishment based on crawling and analyzing both structured and unstructured web-data. The objective is to discover and visualize the input resource and waste streams in the region for identification of industrial symbiosis opportunities. The focus is on solid materials (input materials and waste streams), and the industry sectors are primarily on intermediate product manufacturers who provide components for final products.
Big Data Approach for Waste Stream Discovery
Big data is a relatively new term arising with the fast expanding digital data and the promising perspective of value creation from analytics of the data. McKinsey [14] defines "Big data" as "datasets whose size is beyond the ability of typical database software tools to capture, store, manage, and analyze." Gartner [15] defines big data as "high volume, velocity and/or variety information assets that demand costeffective, innovative forms of information processing that enable enhanced insight, decision-making, and process automation." IBM [16] adds a fourth dimension, veracity, describing the uncertainty nature of the big data.
Based on the definition, big data naturally exists in the cyberspace. Today's companies, large or small, mostly have websites, and industry associations, internet service providers, and Government agencies have internet portals with categorized and comprehensive business and financial information of companies. The data are huge in size, rich in contents, and expanding dynamically. If we can explore the big data from cyber space to discover the resource requirements and waste streams from individual companies in a geographical region or city (Figure 1) , we would be able to map out the materials flows, and upon which to discover economically viable industrial symbioses opportunities [10] . The overall processes of the proposed big data approach for waste streams discovery are shown in Figure 2 . The dashed boxes and lines illustrate the use of the output from the approach and are excluded in the work of this paper. 
Critical Steps and Techniques
The major steps and techniques to realize the proposed approach are described below.
Search for Relevant Facilities and Data
The first aim of the approach is to search for, as complete as possible, the waste generation facilities (factories, logistic hub, etc.) in the targeted geographical region. The objective is to extract each facility's profile (Name, Postal address, and Products/services) and financial (revenue, employee size, production volume) information.
The search starts with taking a URL (Uniform Resource Locator, which is an address to a resource on the Internet) from the URL list, and extracts the targeted data from the
